This study aimed to assess the system stability and synergistic effects of co-digesting pig manure (PM) and grass silage (GS) in a pilot-scale study. Anaerobic digestion of PM alone and co-digestion of PM with GS was carried out in a 480-L continuously stirred tank reactor. The experiment consisted of two phases. In Phase I, PM was digested at an organic loading rate (OLR) of 0.87 kg volatile solid (VS) m −3 ·d −1 , and in Phase II, PM and GS were co-digested at 1:1 on a VS basis at an OLR of 1.74 kg VS·m −3 ·d −1 . The pilot-scale anaerobic digestion system was stable in both phases. At the steady state, average pH and free ammonia concentrations were 7.99 and 233.0 mg l −1 in Phase I and were 7.77 and 158.3 mg l −1 in Phase II, respectively. The specific methane yields increased from 154 ml CH 4 /g VS added in Phase I to 251 ml CH4/g VS added in Phase II. On average, soluble chemical oxygen demand and VS removal efficiencies increased from 81.4% and 41.4% in Phase I to 87.8% and 53.9% in Phase II, respectively. Further evaluation of synergism suggests that codigestion of PM and GS can improve system stability and biogas yields despite marginal synergistic effects at pilot-scale. This study aimed to assess the system stability and synergistic effects of co-digesting pig manure 25 (PM) and grass silage (GS) in a pilot-scale study. Anaerobic digestion of PM alone and co-26 digestion of PM with GS was carried out in a 480-litre continuously stirred tank reactor. The 27 experiment consisted of two phases. In Phase I, PM was digested at an organic loading rate 28 suggests that co-digestion of PM and GS can improve system stability and biogas yields despite 36 marginal synergistic effects at pilot-scale. 37 38
(OLR) of 0.87 kg volatile solid (VS) m -3 ·d -1 , and in Phase II, PM and GS were co-digested at 1:1 29 on a VS basis at an OLR of 1.74 kg VS·m -3 ·d -1 . The pilot-scale anaerobic digestion system was 30 stable in both phases. At the steady state, average pH and free ammonia concentrations were 7.99 31 and 233.0 mg·l -1 in Phase I and were 7.77 and 158.3 mg·l -1 in Phase II, respectively. The specific 32 methane yields increased from 154 ml CH 4 /g VS added in Phase I to 251 ml CH 4 /g VS added in 33
Phase II. On average, soluble COD and VS removal efficiencies increased from 81.4% and 34 41.4% in Phase I to 87.8% and 53.9% in Phase II, respectively. Further evaluation of synergism 35
suggests that co-digestion of PM and GS can improve system stability and biogas yields despite 36 marginal synergistic effects at pilot-scale. Climatically suited to the production of grass, the agricultural area is predominately grassland 71 with 4.3 million ha compared to only 0.28 million ha of arable land in Ireland (Hamelinck et al., 72 2004) . Grass is normally utilized by grazing animals and is conserved as grass silage (GS) for 73 feeding to ruminants over the winter months (Xie et al., 2011) . Therefore, GS could be readily 74 available for anaerobic co-digestion with PM. Studies have shown the beneficial effects of co-75 digesting manures with a range of agricultural residues. For example, Kaparaju and Rintala 76 (2005) in a study of the co-digestion of PM with potato tubers found that co-digestion improved 77 specific methane yields and increased process stability. Similar results were found when co-78 digesting a range of different manures (cattle manure and PM) and agricultural/food residues 79 (such as whey, GS, sugar beet tops, energy crops, quinoa residues and herbal extract residues) as 80 Laboratory-scale research has shown that it is feasible to co-digest PM and GS, and that the 87 optimum PM to GS ratio in the feedstock for process stability and biogas production when co-88 digesting GS and PM was 1:1 on a volatile solid (VS) basis (Xie et al., 2011) . Similar results 89 have been found by Dechrugsa et al. (2013) in laboratory scale batch experiments on co-90 digestion of grass and PM. It has been calculated that by employing co-digestion of PM and GS 91 at a 3:2 mix ratio on a VS basis, a 654-sow pig unit could generate 371 MWh/a electricity and 92 530 MWh/a heat, compared with 268 MWh/a electricity and 383 mWh/a heat at a 4:1 mix ratio; 93 a much lower electricity and heat generation can be expected during mono-digestion of PM alone 94 . However, it remains unknown if pilot scale studies can demonstrate that co-95 digestion of PM and GS at optimal operating conditions derived from lab scale studies can 96 generate the methane yields underlying these energy yield estimates at full scale, taking into 97 account the variations in mass transfer efficiencies and substrate properties and composition at 98 varied scales of studies. In addition, scientific results from pilot-scale studies can further 99 contribute towards the establishment of mathematical tools to guide the operation of on-farm 100 anaerobic co-digestion systems (Xie et al., 2016) . 101
102
In this study, anaerobic co-digestion of PM with GS was investigated in a pilot-scale anaerobic 103 digester to examine (1) process stability in terms of pH, oxidation reduction potential (ORP) and 104 concentrations of ammonium nitrogen and free ammonia; (2) the effect of anaerobic co-digestion 105 of PM and GS on biogas productivity and removal of soluble chemical oxygen demand and 106 volatile solids. 107 108
MATERIALS AND METHODS 109 6 112
Pig manure was collected from a local pig farm and GS was sourced from a conserved pit on an 113
Irish farm. PM was stored in two 1 m 3 intermediate bulk containers (IBCs) and was fed into the 114 digester with a water submersible pump (FTS 1100A1, Florabest). The precision chopped GS 115 had an average chop length of 5 cm and was mixed to ensure a homogenous feedstock. It was 116 then stored in individual plastic bags sized for each day's feeding in a freezer room (-17 °C) to 117 prevent biological decom position during the study. Prior to the daily feeding, the frozen GS in 118 the individual bag was transferred to a cold room (4 °C) for one day and placed at room 119 temperature for one hour. The characteristics of fresh PM and GS are given in Table 1 . 120
[ Table 1 ] 121
Pilot-scale anaerobic digester 122 123
The pilot-scale anaerobic digester was designed to allow remote control. The system consisted of The feeding system was located at the top of the reactor. The GS feeding system was comprised 140 of a pipe and two chambers controlled using two compressed-air operated valves. These valves 141 allowed the feeding of GS into the reactor tank through the removable cover, while preventing 142 air from entering the digester by opening the top and bottom valves consecutively. Pig manure 143 was fed into the digester via a 1 litre chamber where both ends were connected with 3.8 cm (1.5 144 inches) diameter pipes; one pipe was connected to the inlet of a submersible pump (FTS 1100A1, 145 Florabest) placed in the PM storage IBCs, and the other was submerged in the IBCs. 146
Recirculation of the PM prior to feeding helped ensure a uniform feedstock in the IBCs. The PM 147 feeding chamber was controlled using a compressed-air operated valve, thereby preventing air 148 from entering the digester. Typical ORP for a stable AD system is lower than -280 mV, and methane production can drop 233 appreciably at elevated ORPs (Khanal & Huang, 2003) . In this study, under the pseudo steady 234 state, ORP was -361 mV, on average in Phase I. It decreased further to an average of -389 mV in 235
Phase II, indicating a likely more stable co-digestion process. Consistently uniform ORP profiles 236 obtained in Phase II in this study corresponded to the steady daily methane production and 237 further verified the stability of the complex anaerobic co-digestion system (refer to section 3.2 238 for methane generation performance). It is noteworthy that dissolved and gaseous sulfides can 239 hardly be removed at this ORP level (Nghiem et al., 2014) . Nevertheless, no significant sulfide 240 toxicity that can result in the severe inhibition of methanogenesis was observed based on the 241 methane production rates. (Table 2) . 290
[ Table 2 ] 291 Table 3 (Table 3) . Thus, the likelihood of ammonia inhibition and the inherent biochemical methane 304 yield of PM largely govern the SMYs in this study. It is noteworthy that TS and VS 305 concentrations of the PM used in this study were lower than those used in other studies by 306 continuous digesters, however, the difference in TS and VS concentration did not have a 307 significant effect on SMYs. 308 [Table 3 ] 309 Table 4 α is the synergism coefficient. α less than 1 indicates a synergistic effect, while α greater than 1 328 suggests an antagonistic effect during co-digestion. 329
330
In this study, assuming that (1) SMY ୮୫ during mono-digestion of PM alone in Phase I was 154 331 ml CH 4 /g VS added (Table 2) , (2) SMY ୱ was 330 ml CH 4 /g VS added previously tested using 332 the same source of silage from a conserved pit on an Irish farm , and (3) ‫ܻܯܵ‬ 333 during co-digestion was 251 ml CH 4 /g VS added (Table 2) , the synergism coefficient ߙ , 334 calculated based on the 50% VS contribution of GS addition to the feedstock mix, was 0.96. 335 assuming that the SMY ୱ used in Phase II was equal to its maximum methane potential (i.e. 338 biochemical methane potentials), meaning that 100% of degradable organic matter in GS would 339 be used for methane production, the amount of CH 4 yield contributed by PM in Phase II was 172 340 ml CH 4 /g VS added. This was 12% greater than the value of SMY ୮୫ measured in Phase I (154 ml 341 Table 5 ] 386
CONCLUSIONS 387
The anaerobic co-digestion of GS and PM on a VS basis of 1:1 was successful in this pilot-scale 388 study. The study demonstrated that co-digestion of PM with GS offered several advantages over 389 mono-digestion of PM, including a higher methane content in biogas, a higher SMY of PM, and 390 higher VS and soluble COD removals. The superior performance of the systems with regard to 391 higher system stability and particularly the improved SMY during co-digestion of PM and GS 392 can be largely attributed to the synergistic effects, likely associated with lower free ammonia 393 inhibition and appropriate C/N ratio in the feedstock mixture compared with mono-digestion of 394 PM alone. It is therefore recommended that anaerobic co-digestion of PM and GS be applied in 395 practice for the demand driven biogas production despite the marginal synergistic effects. 
